Conclusion
There is measurable variation in transcatheter closure of PDA and ASD. Further research is necessary to study whether this affects outcomes or resource utilization. (Am Heart J 2018; 196:119-30.) Practice variation, defined as observed differences in health care service delivery that are not otherwise explained by patient illness, medical need, or evidence-based recommendations, is a novel outcome measure in the study of interventional cardiology for congenital heart disease. It has become an important measure of quality across many fields of medicine, 1 and reducing variability in practice variation has been shown to improve both resource utilization and traditional patient outcomes for adult cardiac patients in both inpatient 2, 3 and outpatient [4] [5] [6] [7] [8] [9] [10] [11] settings, as well as adult 12 and pediatric [13] [14] [15] [16] [17] patients with congenital heart disease. Measuring variation in real-world practice identifies aspects of care of potential interest for future research and means of improving quality of care.
In the field of pediatric or congenital interventional cardiology, practice guidelines have been published. 18 However, there may continue to be large center-and practitioner-level variability in the conduct of transcatheter interventions for congenital heart disease. To our knowledge, no studies have attempted to measure this practice variation. Previously, the dearth of standardized data about individual procedures from a large, diverse pool of centers was an obstacle to this type of research. The IMPACT registry, a multi-center clinical registry of catheterization procedures performed at hospitals in the United States provides an opportunity to address these questions. We performed a retrospective multicenter observational study to measure practice variation in device closure of ostium secundum atrial septal defect (ASD) and patent ductus arteriosus (PDA).
We sought to measure practice variation in two ways. First, we studied the distribution of indications for ASD and PDA closure. Second, in cases with ventricular volume overload as the indication, we measured the proportion in which there was a relatively small defect (either anatomically or in terms of the ratio of systemic to pulmonary blood flow). Variation was measured in two ways: (1) whether hospital characteristics appeared to influence outcomes of interest and (2) whether there was otherwise unaccounted for inter-hospital variation. Presence of otherwise unexplained variation in practice patterns not explained by patient factors identifies aspects of care (whether at the level of referral patterns or at the individual patient level) where there is uncertainty and where there is potential to improve healthcare quality.
Methods

Data source
IMPACT is a clinical registry funded by the American College of Cardiology and managed by the National Cardiovascular Data Registry with data from 86 pediatric and general hospitals performing cardiac catheterizations in children and adults with congenital heart disease at the time of this analysis [19] [20] [21] ( Figure 1 ). Participating centers collect information on all patients undergoing cardiac catheterization, including patient demographics, medical/surgical history, procedural information and adverse events through hospital discharge. Data are recorded using standardized data elements and definitions. The database is subject to rigorous quality assurance standards. 22 Auditing procedures are still being developed. 23 The current study used data from IMPACT v1.0.1. The project uses de-identified data analyzed and does not represent human subjects research in accordance with the Common Rule (45 CFR 46.102(f)).
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Study population and study procedures
The study population was identified by direct query of IMPACT by analysts at Mid America Heart Institute. Subjects of all ages who underwent transcatheter closure of an isolated ASD or PDA recorded in IMPACT between January 1, 2011 and September 30, 2015 were included in the study. Cases from hospitals with N15% incomplete data, contributing data for less than 6 months or at which less than 10 total ASD or PDA procedures were performed over the study period were excluded from analysis as described previously. 21, 27 Individual cases were excluded if the ASD or PDA was not treated. They were also excluded if the patient had previous cardiac surgery, additional interventions during the same catheterization, a diagnosis of single ventricle heart disease, or other surgical or transcatheter procedures during the same admission. Analysis was restricted to isolated ASD and PDA to establish a homogenous study population in which differences in the practice of treatment of these lesions without confounding from a small number of more complex patients. Including these patients, might be expected to erroneously inflate estimates of practice variation. Because the indication was vital for analysis, cases with the indication missing were also excluded.
Data collected included demographic data, pre-catheterization clinical history, indications for closure, hemodynamics, and details about the conduct of the case. Characteristics about hospitals collected included center volume, percentage of procedures performed in patients older than 18 years, geographic region (Northeast, Midwest, South, or West, Figure 1 ), hospital type (government, private/community, or university) and hospital setting (rural, suburban, or urban). Center volumes are an annualized volume over the period that each hospital has contributed data to IMPACT. Major adverse events were defined as previously described.
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Data analysis
Analyses of ASD and PDA cases were performed separately. Descriptive statistics were calculated with categorical variables expressed as counts and percentages with 95% confidence intervals (CI). Continues variables were expressed as mean ± SD or median (range, interquartile range) as appropriate.
To study the distribution of indications for the procedure, we reported the distribution of patient-and hospital-level characteristics by indication for each procedure. Differences in the distributions of these (694) 16% (12) 18% (7) 14% (7) 30% (179) 23 hour observation 64% (2923) 66% (2511) 55% (41) 55% (21) 64% (32) 54% (318) Admit to inpatient floor 10% (465) 10% (390) 9% (7) 13% (5) 2% (1) 10% (62) Admit to ICU 4% (174) 4% (151) 8% (6) 11% (4) 8% (4) 2% (9) Return to inpatient floor 1% (48) 1% (20) 1% (1) 3% (1) 6% (3) 4% (23 characteristics were assessed using analysis of variance, Kruskal-Wallis, or χ 2 tests. To assess for significant practice variation, we calculated a series of hierarchical multivariate models adjusting for patient-level characteristics. Patient-level covariates included as fixed effects were age, sex, prior catheterization, genetic condition, chronic lung disease, coagulopathy, diabetes mellitus, hepatic disease, renal insufficiency, sickle cell disease, prior stroke, and seizure disorder. The number of covariates was limited to 1 covariate for every 10 events to prevent over-fitting the model. 26 A random intercept for each hospital was included in the model to account for covariance. To avoid bias, no model refinement was performed. A series of models was created to assess for the effects of hospital-characteristics (region, setting, procedural volume, proportion of adult cases, and teaching status) on outcome and to assess for additional inter-hospital variation. To accomplish this last goal, a median rate ratio (MRR) was calculated. MRR has been used in previous studies to measure otherwise unaccounted for inter-hospital variation. 9 In a sample of multiple hospitals, MRR reflects the probability that two identical patients treated at two of the sample hospitals selected at random would receive different care. 7 The MRR value is always ≥1. As an example of how this value is interpreted, a MRR = 1.2 means that two identical patients would have a 20% probability of being treated differently at two randomly selected hospitals. An MRR ≥1.2 has been used previously as a threshold for large magnitude variation. Statistical significance is expressed with conventional p values and confidence intervals. 9 A secondary analysis was performed adding ASD static diameter to the multivariate model, to assess the degree to which it influenced variation.
For ASD and PDA interventions, the majority of cases listed suspected ventricular volume overload (of the right ventricle in ASD and the left ventricle in PDA) as the indication. We investigated whether there was variation in the likelihood of attributing volume overload to a "small defect." A "small defect" was defined first by the diameter of the defect (ASD static dimension b5 mm or PDA minimal luminal diameter b2 mm as conservative estimates) and in a second analysis by the magnitude of the shunt, calculated using the Fick principle to calculate the ratio of pulmonary to systemic blood flow (Qp:Qs) with 1.5:1 chosen as the threshold. The rate at which small defects are closed reflects how aggressive an individual practitioner or hospital system is in pursuing transcatheter closure of defects based on the outpatient assessment of the patient. Recommendations regarding closure are not specific about how one should define ventricular volume overload, so this decision is a potential aspect of care in which significant variation might be expected. We acknowledge that the thresholds are somewhat arbitrary. However, the distribution of both defect size and Qp:Qs are such that changing the threshold should not bias the estimates of inter-hospital variability or those of systematic differences in practice associated with hospital characteristics. We chose to analyze size of the defect using both anatomic size and magnitude of the shunt, because both measures are imperfect measures. However, they provide complementary analyses, and if results were consistent, inclusion of both would support the validity of the analyses in spite of the acknowledged limitations of each individually. The proportions of cases with small shunts at each center were calculated and reported. Next, a series of hierarchical multivariate models were calculated, adjusted for patient characteristics, to assess whether hospital characteristics, such as census region, hospital setting, teaching status, procedural volume, ASD/PDA closure volume, and for ASD the proportion of hospital catheterizations performed in patients older than 18 years, affected risk and whether there was significant inter-hospital variation (measured by calculating the MRR as above).
To provide an estimate of the risk associated with closing smaller defects, an additional secondary analyses was performed. Specifically, the risk of major adverse events for ASD and PDA cases with small defects (defined either by anatomic size or Qp:Qs) was measured and compared to the risk in subjects with larger defects, using a chi-squared test.
A threshold for statistical significance was set at P b .05. All analyses were performed using SAS 9.4 (Cary, NC)
Results
Study population
Between 1/1/2011 and 9/30/2015, 5233 PDA closure procedures and 4549 ASD cases meeting inclusion criteria were performed at 77 hospitals (Figure 2 ). These accounted for 13% (9782/77116) of all cases in the IMPACT registry over this period. PDA patients were 64% female, 67% white, with a median age of 2 years (IQR: 0-4 years) ( Table Ia) . ASD patients were 63% female, 75% white, with a median age of 8 years (IQR: 4-16 years) ( Table Ib) .
Indications for closure
In the PDA cohort, the indication was LVVO in 57% (n = 2980), prevention of spontaneous bacterial endocarditis (SBE) in 36% (n = 1861), and pulmonary hypertension (PH) in 7% (n = 392). Clustering cases by their indications demonstrates significant differences in both subject characteristics and the characteristics of hospitals (Table Ia) . Relative to other indications, patients undergoing PDA closure for PH were more likely to be younger and lower in weight (P b .001 for both). They were more likely to have trisomy 21, other genetic syndromes, chronic lung disease, and a tubular (type C) PDA (for all P b .001). They were also more likely to return to an ICU after catheterization. For cases where the PDA was closed to prevent SBE, the patients were older, had smaller PDA minimal luminal diameters, and a smaller Qp:Qs (P b .001 for all). PDA closure with SBE prevention as the indication were less common than expected in the Northeast and more common in the Midwest and South (P b .001). Similarly, a larger proportion of SBE and PH cases were performed in suburban hospitals with a larger proportion of LVVO cases performed in urban hospitals than expected (P b .001).
After adjusting for patient level characteristics, significant differences were noted in the distribution of case indication by hospital setting with LVVO significantly more likely to be the indication for PDA closure at urban hospitals compared to those in suburban and rural locations (P b .001) (Table IIa) , while census region, teaching status, and proportion of overall cases in adults did not affect the distribution of indications. There was significant between-center variation (MRR: 1.3 (95% CI 1.2-1.4), P b .001).
In the ASD cohort, the indication was RVVO in 83% (n = 3793), stroke prevention in 13% (n = 593), chronic lung disease or recurrent respiratory infections in 2% (n = 75), cyanosis in 1% (n = 50), and failure to thrive in 1% (n = 38). Similar to the PDA cohort, separation of the cohort by indication revealed significant differences in both subject and hospital characteristics (Table Ib) . Relative to RVVO cases, cases for cyanosis and stroke prevention were performed in older, heavier patients, with smaller ASD size, and lower Qp:Qs (P b .001 for all). Chronic lung disease cases had a higher proportion of trisomy 21 with higher indexed pulmonary vascular resistance (PVRI) (both P b .001). A disproportionate percentage of failure to thrive, cyanosis, and stroke prevention cases were performed in white patients (P b .001). In terms of the conduct of the procedure, balloon sizing was performed at a much lower rate in chronic lung disease patients (P b .001), who were also much more likely to return to an ICU (P b .001).
In terms of hospital characteristics, failure to thrive and chronic lung disease cases were over-represented in the West census region, while stroke prevention and cyanosis cases were more prevalent in the South census region. Stroke prevention cases were also more prevalent in suburban hospitals (vs rural or urban hospitals P b .001) and university hospitals (as opposed to government or private hospitals, P b .001).
After adjusting for patient characteristics, hospital setting was associated with differences in indication (P = .01), with RVVO being significantly more likely to be the indication for ASD closure in an urban hospital compared to a suburban hospital (Table IIb) . In addition, though census region was not significantly influential overall, there was a relatively large magnitude difference between Northeast and South regions (OR: 1.2, 95% CI: 1.0-1.3, P = .02), with RVVO being the more likely indication provided in the Northeast. Between-hospital variability was statistically significant but relatively small in magnitude (MRR: 1.1, P b .001). Other hospital characteristics were not associated with significant differences in the distribution of indications. With additional adjustment for static ASD diameter, census region (P = .04) and hospital setting (P = .03) were both associated with significant variability in distribution of indications. Though the magnitude of the MRR was similar (1.04) the measurement of inter-center variability was no longer significant (P = .07) (Supplementary Table I ).
Volume overload in patients with small defects and low magnitude Qp:Qs
In cases with the indication of volume overload, we measured the proportion of cases that had either a relatively small magnitude shunt (Qp:Qs b1.5:1) or a small defect (PDA minimal luminal diameterb 2 mm or ASD static dimension b5 mm). In PDA cases for LVVO, 47% were performed in subjects with a Qp:Qs b1.5, compared to 33% in ASD cases whose indication was RVVO (P b .001).
In multivariable models, after adjusting for subject sex, age, and insurance type, the likelihood of closure of a PDA with a Qp:Qs b1.5 decreased with increasing PDA closure procedural volume (OR: 0.87 for each additional 10 procedures, P = .04) (Table IIIa) . Similarly, the likelihood of closure of an ASD in patient with Qp:Qs b1.5 was decreased with increasing ASD procedural volume (OR: 0.91 per 10 procedures, P = .05), while the risk increased in centers with increasing annual proportional volume of adults (OR: 1.16, P = .0007) ( Table IIIb) .
This can also be represented by the percentage of cases performed in patients with anatomically small lesions ( Figure 3) . For PDA cases, 30% of hospitals performed device closure of small defects (for the indication of volume overload) in N30% of cases. For ASD cases, only one of the 77 hospitals in the study sample had a rate of small defects closed N10%. This was reflected in multivariable models (Supplementary Table  IIa and IIb) . After adjusting for age and sex, there was significant variability by centers for PDA (MRR 1.4 P b .001) but not for ASD (P = .17). In the same analysis, increasing hospital catheterization volume decreased the probability of closing a small PDA for volume overload (OR: 0.97 for each increment of 50 cases, 95% CI: 0.95-0.99, P = .02). Other center factors were not associated with the risk of device closing small PDA or ASD.
The risk of major adverse events was compared between the population with relatively small shunts and those with larger shunts. For PDA cases, the risk of major adverse events was lower in subjects with anatomically small defects (0.2%) compared to those with larger defects (1.3% P = .04 95% CI: -2% to −0.1%), as well as those with a Qp:Qs b1.5:1 (0.2%) when compared to those with a Qp:Qs ≥1.5:1 (1.5%, P = .002, 95% CI: − 2.4% to −0.5%). For ASD cases, the risk of major adverse events was lower in subjects with a Qp:Qs b1.5:1 (1.1%) compared to those with a larger Qp:Qs (2.6%, P = .01, 95% CI: −2.5% to −0.1%), but there was not a significant difference with anatomically small defects (0%) versus those with larger defects (1.5%, P = .40, 95% CI: −2.0% to 5.9%).
Discussion
In this multicenter retrospective study, we were able identify significant practice variation in transcatheter procedures to device-close ASD and PDA that could not be explained by measured patient-level characteristics. The distribution of indications for closure varied by hospital setting, and in addition to this there was significant inter-hospital variation in the distribution of indications. For cases with volume overload as the indication, several significant patterns in the probability that cases had small shunts were observed. Higher hospital procedural volumes were associated with a reduced risk, meaning that the proportion of cases with small shunts was lower at higher volume hospitals. For ASD cases, hospitals with a higher proportion of catheterizations per year in adults had a higher proportion of cases in which the reported indication for closure was volume overload and a small magnitude shunt. For PDA closure, there was additional inter-hospital variation in the risk that was not explained by either patient or hospital factors. These are indicators of practice variation.
ASD and PDA closure are two of the most common procedures performed in congenital cardiac catheterization, representing a sizable minority of total cases in the IMPACT registry. The current generation of closure devices has been available in the United States for over a decade. There was significant variation in the distribution of RVVO and LVVO relative to other indications for both procedures. In unadjusted analyses, hospital location (by census region) and setting (urban vs suburban vs rural) appeared to be associated with the distribution of indications. In analyses adjusting for patient factors, the association between hospital location and the distribution of indications was no longer seen. After adjustment, the proportion of cases for volume overload was still not distributed evenly between urban, suburban, and rural centers. For PDA cases, urban centers were more likely than rural or suburban centers to have cases with LVVO as an indication. For ASD cases, rural and urban hospitals had more cases for RVVO than suburban hospitals. However, these observations may not represent true practice variation. They may instead represent the referral patterns of community cardiologists of patients with volume load due to ASD or PDA to urban hospitals. This is in contrast to the observed differences in the distribution of indications for ASD closure between Northeastern and Southern hospitals. The distribution of patients is unlikely to vary between regions of the country, and one would not expect unbalanced referral patterns at the regional level when there are high-volume urban centers available in all geographic regions. This makes the difference in the adjusted distribution of indications for ASD closure between the Northeast and South regions harder to explain, and is more likely to represent true practice variation. Additional evidence of practice variation is the significant inter-hospital variation in the distribution of indications for both PDA and ASD cases (represented by statistically significant MRR). This represents independent variability in practice between hospitals, and true practice variation. The implications of this variation are unclear. The study is not designed to measure the effect of this practice variation on clinical outcomes or resource utilization.
There also is significant variation in the distribution of the size of the shunt (either anatomically or physiologically) between hospitals. Specifically, as center PDA and ASD procedural volume increased, defects with a small shunt constituted a smaller proportion of cases in which the indication for closure was volume overload, and for ASD cases, the proportion of cases with small shunts was larger at hospitals serving predominantly adult patients. Whether this pattern is the result of the pattern of referrals to these hospitals and/or the practice of the interventional cardiologists cannot be discerned from the current data. The diagnosis of volume overload in an individual patient may be based on the interpretation of an echocardiogram by the referring cardiologist, an echocardiographer, or the interventionalist performing the case rather than on procedural imaging and oximetry.
Intrinsic differences in the two diagnostic tests, as well as differences in physiologic state (sedation or anesthesia versus an awake patient) could result in discrepancies between the diagnosis of volume overload and the size of shunt. However, persistent differences in the proportion of patients with small shunts indicate differences in the practices of different hospitals and the population undergoing these procedures with predictable ramifications. A hospital where a larger number of defects with smaller shunts (either by anatomic size or magnitude of shunt) are treated, will expose a larger number of patients overall to the risks of anesthesia and the intervention itself. We acknowledge (1) that transcatheter closure of both ASD and PDA has well-established records for safety and (2) that in this study the risk of major adverse events was lower in subjects with smaller shunts than those with larger shunts. However, a more aggressive practice pattern inevitably increases resource utilization and total healthcare spending. Potentially unnecessary procedures expose patients to risk. The balance of risk and benefit should be considered carefully at the level of the individual patient. From the perspective of a health system, it is important to be circumspect about the incentives for these procedures at each level and to consider if these incentives are supportive of the best care for patients. The current study has an observational design that does not allow for an analysis of these structures, so we it is not possible to elaborate further on this. Even accepting that the relative merits of different hospitals' strategies is not known at this time, the variation observed reflects uncertainty and lack of consensus regarding how volume overload is defined as an indication for transcatheter device closure of ASD and PDA. This identifies a need for further research into what represents best practices regarding these procedures.
A third observation is that there appears to be greater otherwise unaccounted for variability in closure of PDA than ASD. Specifically, in terms of the distribution of indications, the MRR for PDA closure is 1.3, and the MRR for ASD is 1.1. This means that between two otherwise identical patients with PDA there is a 30% chance that at two randomly selected hospitals in the sample the indication for their case would be different, whereas it is only 10% in an ASD patient. The greater variation in practice in PDAs is also demonstrated in greater variation in defining a hemodynamically significant PDA. This is seen in the large number of hospitals classifying small PDA as hemodynamically significant and reinforced by the large magnitude MRR (1.4) in the multivariate model for closure of a PDA b2 mm. We acknowledge that this may be due to difficulty in interpreting pre-procedural echocardiographic imaging of PDA. However, it is more likely that this degree of practice variation reflects a more fundamental uncertainty in selecting and referring patients for transcatheter PDA closure that deserves attention.
There are several limitations to this study. First, though widely used, the Fick principle has some limitations. Patients undergoing catheterization are almost universally under anesthesia or are receiving sedation, both of which potentially alter the hemodynamic conditions significantly from the patient's baseline while awake. In a PDA, there are additional limitations to the use of Fick. Preferential streaming of oxygenated blood to the left pulmonary artery can result in different distal pulmonary artery saturations and some uncertainty regarding the magnitude of the shunt. Depending how this is addressed, this has the potential to introduce variation between hospitals. For ASD, at times, there may be a discrepancy between the shunt measured by Fick and the qualitative appraisal of RV size on echocardiography. Echocardiographic assessments of left or right ventricular size are not included in IMPACT. Ultimately, however, neither of these limitations would explain the systematic associations between hospital characteristics and the proportion of patients with relatively small shunts. Indeed reliance on qualitative estimates of left ventricular and right ventricular dilation may be part of the etiology of the observed inter-hospital variation.
An important limitation to the study is that both PDA and ASD closure cannot only be performed in the catheterization laboratory but also in the operating room. Data about surgical cases, which would provide a more comprehensive view of practice in closing ASD and PDA, are not included in IMPACT. A previous study has demonstrated that in a contemporary cohort of ASD's treated at primary pediatric hospitals there is significant inter-hospital variability in the propensity to pursue operative or transcatheter closure of ASD after adjusting for measurable covariates. 27 Though it is conjecture, we would propose that this is also likely true for PDA. This is another aspect of practice variability that deserves attention. In the future, linkage of multiple registries or use of novel sources of data (administrative or claims databases) will allow for this type of analysis. When unforeseen adverse events (such as device erosion associated with the Amplatzer Septal Occluder) come to light and as novel devices are introduced for transcatheter interventions, studying the effects of these experiences on the decision-making and practice patterns of interventional cardiologists becomes increasingly important.
This study uses data from the IMPACT registry, for which data are collected and recorded by staff at each hospital. Definitions of each data point are standardized and available to each center, but local differences in the interpretation and coding of data could increase variability between hospitals. An important limitation is only a single indication can be marked for each procedure, and there some plausible cases in which more than one indication can exist, although this might be expected to introduce uncertainty in individual case reporting that might inflate inter-hospital variation. As noted previously, variability in practice patterns includes the behavior of both referring physicians and the interventional cardiologist. Specifically, IMPACT does not measure the numbers and characteristics of patients with ASD and PDA who are not referred for catheterization. These data would help to study differences in referral patterns. For this reason, we focused in the current study on the operator's classification of small anatomic shunts, which is solely the province of the interventional cardiologist. Moreover, one might argue that current guideline definitions of RV and LV volume overload 18 are ambiguous, and left to interpretation. As a result, we were forced to define thresholds for the size of defects and ratio of Qp:Qs for a hemodynamically significant lesion. These were chosen based on our clinical experience. However, it is important to recognize that practice variation identified is not dependent on the value of the threshold, and that the same variation would be seen regardless of where the threshold was defined. Additionally, IMPACT does not contain data to compare ASD/PDA cases where the indication was not volume overload between centers, including potentially important covariates (eg, history of endocarditis as part of the indication for PDA closure for SBE prophylaxis). Finally, to date, guidelines and practice recommendations have not identified process measures or institutional environmental factors that strongly influence outcome and which can be used as additional quality metrics. Thus, the scope of any investigation of practice variation is limited to the recommendations of published guidelines. We hope that subsequent research will help to identify practices or institutional factors that are influential on outcome and indicate centers of excellence.
Despite these limitations, the durable presence of variability between centers forces us to acknowledge that even in the most common and "simplest" transcatheter interventions for congenital heart disease there remains broad variation in practice. This reflects a significant knowledge gap about what constitutes best practice for these procedures, and represents an opportunity for further research to improve outcomes and optimize healthcare utilization.
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